During the first million years of solar system history, planetesimals experienced extensive melting powered by the radioactive decay of 26 Al (Lee et al., 1977). To date, the only known anorthositic crust on a solar system body is that of the Moon, formed by plagioclase flotation on top of the magma ocean (Wood et al., 1970). Here we show evidence from the ungrouped achondrite meteorite Northwest Africa (NWA) 8486 that an anorthositic crust formed on a planetesimal very early in solar system history (<1.7 Ma). NWA 8486 displays the highest anomalies in Eu and Sr found in achondrites so far and, for the first time, this characteristic is also identified in clinopyroxene. Elemental modelling, together with calculated timescales for crystal settling, show that only the melting of an anorthosite can produce NWA 8486 within the first 5 million years of solar system history. Our results indicate that such a differentiation scenario was achievable over short timescales within the inner solar system, and must have contributed to the making and elemental budget of the terrestrial planets.
Introduction
Over 80 ungrouped achondrites have been found in the past 20 years, enriching our collections with new types of meteoritic samples. Northwest Africa (NWA) 8486 is one of several paired stones, along with the ungrouped achondrites NWA 7325 and 8014, that have been found in the Sahara desert (Ruzicka et al., 2017) . They are plagioclase-rich cumulative gabbros that experienced remelting and fast cooling (Yang et al., 2019) , with a very peculiar calcic and magnesian mineralogy. NWA 8486 formed under reduced conditions, with an oxygen fugacity ( fO 2 ) of 3.2 log units below the iron-wüstite (IW) buffer (Sutton et al., 2017) , and therefore likely originates from the inner solar system. Based on Cr, Ti and O isotopic compositions, NWA 7325/8486 have affinities with both acapulcoite-lodranite and ureilite groups (Barrat et al., 2015; Weber et al., 2016; Goodrich et al., 2017) . The Pb-Pb isochron age of 4563.4 ± 2.6 Ma, Al-Mg age of 4563.09 ± 0.26 Ma and initial Mg isotopic composition for NWA 7325 indicate that the parent material of this meteorite had to be formed within 1-2 Myr after Solar System formation (Koefoed et al., 2016) .
Eu and Sr Anomalies in NWA 7325/8486
We investigated major and trace element composition of NWA 8486 through in situ and in solution analyses. The mineral compositions of NWA 8486 are consistent with those of NWA 7325 (Barrat et al., 2015; Weber et al., 2016; Goodrich et al., 2017) , with An 88.7±3.0 Ab 11.2±3.0 plagioclase, Wo 45.4±0.5 En 53.4±0.5 Fs 1.2±0.1 clinopyroxene and Fo 97.1±0.3 olivine. The modal compositions reported for different fragments of NWA 7325 vary (Barrat et al., 2015; Weber et al., 2016; Goodrich et al., 2017) , illustrating the heterogeneous distribution of the minerals at the centimetre scale. The fragment of NWA 8486 studied here contains the highest pyroxene modal content at 52 %, the lowest plagioclase content at 44 %, with the remaining 4 % consisting of olivine, sulphides and metal. The range reported for NWA 7325 is 30-44 % for pyroxene, 54-60 % for plagioclase and 2-15 % for olivine (Barrat et al., 2015; Weber et al., 2016; Goodrich et al., 2017) .
We report trace element abundances in mineral ( plagioclase, pyroxene and olivine) and a whole rock powder of NWA 8486. Minerals were analysed either in situ or in solution after mechanical separation (Supplementary Information). The whole rock composition slightly differs from that of NWA 7325 from Barrat et al. (2015) as a consequence of different modal compositions ( Fig. 1 ). Incompatible and moderately volatile elements are depleted in this meteorite, below 0.5 × CI chondrites for the whole rock with the exceptions of Eu and Sr. Positive Eu and Sr anomalies (Eu/Eu* and Sr/Sr*) are present in each mineral phase with different magnitudes, from 1.8 to 6.5 in pyroxene and 450 to 1039 in plagioclase (Supplementary Information). Their amplitude in the whole rock is much higher than that measured in lunar anorthosites ( Fig. 1 ).
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Europium changes valence in a continuum from a 3+ state to a 2+ state around the IW buffer (where Eu 3+ /ΣEu = 0.5) and in these conditions plagioclase preferentially incorporates Eu 2+ in its lattice, resulting in an enrichment in Eu over the other trivalent rare earth elements (REE 3+ ). The similar plagioclase/melt partition coefficients of Sr 2+ and Eu 2+ arise from very close ionic radii. NWA 7325/8486 formed within an fO 2 of IW-3.2 ± 0.2, which is more reduced than for lunar rocks that formed in a range of IW-2 to IW (Wadhwa, 2008; Sutton et al., 2017) . Despite their higher fO 2 , lunar anorthosite plagioclases show similar Eu anomalies to reduced meteorites . Thus, even considering variations due to parental melt composition, there should be little difference between NWA 8486 and lunar anorthosite plagioclase compositions if they were formed under similar conditions. Although positive Eu and Sr anomalies are common in plagioclase, the present data are the first report of positive Eu and Sr anomalies in clinopyroxene in an achondritic meteorite. Europium partitioning in clinopyroxene changes depending on the composition of the system with Eu 2+ being either similarly or less compatible than Eu 3+ (Karner et al., 2010) . Therefore, the peculiar trace element inventory of NWA 8486 cannot be solely attributed to redox conditions.
Anorthosites as Source Rocks of NWA 7325/8486
NWA 8486 stands out as a unique meteorite when compared to the composition of other achondrites and lunar anorthosites. Pyroxene, plagioclase and whole rock data from all known types of achondrites define separate fields in an Eu N / Sm N versus Sr N /Nd N diagram (with N indicating concentrations normalised to corresponding CI chondrite abundances) (Fig. 2) . The composition for NWA 8486 is shifted towards both higher Eu N /Sm N and Sr N /Nd N ratios compared to other planetary compositions. The rare felsic (Si-rich, evolved) achondrites GRA 06128/9 and Almahata Sitta (ALM-A clast) do not appear any different from other achondrites in terms of Eu and Sr enrichments. Early occurrences of such felsic rocks have been related to partial melting of chondritic material instead of the multi-stage processes involved to form felsic crust on Earth (Day et al., 2009; Bischoff et al., 2014) . Therefore, the particular composition of NWA 7325/8486 must be related to the melting of a specific source which was already enriched in Eu (relative to other REEs) and Sr. Barrat et al. (2015) suggested that impact melting of a gabbroic crust might produce such anomalies. In view of a homogeneous distribution of 26 Al in the solar system, Barrat et al. (2015) and Koefoed et al. (2016) calculated that the differentiation event for NWA 7325's parent body was ~1-2 Myr after formation of the solar system, while its crystallisation (from Pb-Pb chronometry) occurred within about 3 Myr after that. Considering the diopside-anorthite binary system at 1 atm (Osborn, 1942) , the source of NWA 7325/8486 parent melt needs to be already enriched in plagioclase to reach the high plagioclase modal compositions for the meteorite, at least 48 % plagioclase to match NWA 8486. The modal composition of NWA 8486 lies on the eutectic point of the diagram. Thus, basaltic sources with low plagioclase content can produce eutectic compositions, but higher anorthite modes cannot be reached. We performed melting models of varied compositions and compared the compositions of these liquids with those in equilibrium with NWA 8486 minerals (Supplementary Information). The enrichment in Eu and the general depletion of incompatible elements are not reproduced with cumulate eucrite (Moore County) compositions (Fig. 3) . The only possibility found to produce a parental magma enriched in both Eu and Sr is melting of a plagioclase-, Mg-and Ca-rich rock. Low degree melting (below 5 %) of an anorthosite (98 % anorthite) produces liquids corresponding to NWA 7325/8486 modes, but does not yield both high enough Eu anomalies and REE depletion. However, a higher pyroxene content can produce a larger amount of melt of eutectic composition. NWA 8486 features can be reproduced by 20-50 % melting of a pyroxene-rich anorthosite (Apollo noritic anorthosite 62236 with 20 % pyroxene) (Fig. 3) . Anorthosites are therefore the most likely source for the parental magma of the NWA 7325/8486 suite. Grevesse, 1989) . Overlap between the different fields is due to whole rocks mainly composed of pyroxene or plagioclase (e.g., aubrites, ureilites, lunar anorthosites). For each field group, NWA 8486 exhibits higher Eu N /Sm N and Sr N /Nd N . Only lunar anorthosites are similar to NWA 8486 whole rock, but they contain much more plagioclase than NWA 8486. See Supplementary Information for data sources. 
Timescales of Anorthosite Formation on Early Solar System Planetesimals
Anorthosites are associated with large magma systems that experience fractional crystallisation, in which plagioclase floats at the surface. Lunar anorthosites are derived from a magma ocean (MO) that formed subsequently to the Moonforming impact event, but their petrogenesis model is still debated. Specific conditions are required for anorthositic crust formation (Albarède and Blichert-Toft, 2007) . The body needs to be rather dry, as plagioclase formation is delayed in presence of water and would appear late in the crystallisation sequence (Elkins-Tanton, 2008) . The size of the planetary body is also important as plagioclase is stable up to 1 GPa, which corresponds to a depth of 75 km for a Mars-like body or 200 km for a Moon-like body (Albarède and Blichert-Toft, 2007) . Studies on Mercury's MO have shown that in very reduced conditions anorthite is denser than the melt and then may not float (Brown and Elkins-Tanton, 2009; Vander Kaaden and McCubbin, 2015) . Crystal settling that enables anorthositic crust formation may be hindered by highly turbulent convection on small parent bodies with low gravity. Nonetheless, some authors have suggested that crystal settling can occur in such environments (Taylor et al., 1993; Elkins-Tanton, 2012) .
Geochemical modelling indicates that the NWA 7325/8486 source was most likely an anorthosite. Although Mercury may not be an analogue to NWA 7325/8486 parent body, it may represent an end member in terms of density and composition of the MO. Calculations have been carried out to constrain the timescales of formation of an anorthositic crust in a MO. The plagioclase formation occurs generally when the MO is crystallised by 70-80 vol. % ( Supplementary  Information) . Assuming that the remaining molten material (≈20 vol. %) forms a buoyant layer over the solidified mantle and that 15 vol. % of the inner body is made of a metallic core, we can estimate the depth of the molten layer relative to the radius of the body (Supplementary Information). Considering that the rising velocity for plagioclase crystals in a MO scales with a Stokes' Law settling velocity (Martin and Nokes, 1989) , the time for a plagioclase crystal to reach the surface in a shallow MO can be assessed. The calculation yields that for the MO viscosity range (10 -1 -10 1 Pa.s, Dygert et al., 2017) and density contrasts between crystal and magma (50-500 kg/m 3 , Brown and Elkins-Tanton, 2009; Dygert et al., 2017) , a crystal of at least 100 µm in diameter will reach the surface of the MO in a few tens of thousands of years (Fig. 4) . The time of ascent of plagioclase is much smaller than the age of the first differentiation on NWA 7325/8486 estimated at 1.7 Ma using the 26 Al-26 Mg systematics (Koefoed et al., 2016) . Therefore, we believe that NWA 7325/8486 is the first evidence of the formation and re-processing of an anorthositic crust on a planetesimal very early in the solar system.
If anorthosite could form quickly on planetesimals and magma oceans were common in the first few million years of the solar system, where are the anorthosites in the meteorite record? The reason for the absence of anorthositic crusts on achondrite parent bodies probably lies in their thermal and chemical evolution. The conditions necessary for magma oceans to form with anorthositic crusts may have been limited by the time and place of accretion (Greenwood et al., 2012) . Inner solar system planetesimals that accreted early were enriched in 26 Al and were thus more likely to have experienced magma ocean conditions (Grimm and McSween Jr, 1993) . Iron meteorites are evidence of these processes. Their parent bodies were rather small (20 to 200 km; Chabot and Haack, 2006) and possibly formed within the terrestrial accretion zone below 1 AU before being scattered into the main asteroid belt. Silicate layers from these bodies have a low probability of survival in the chaotic early inner solar system (Bottke et al., 2006, O'Neill and Palme, 2008) . It is likely, then, that anorthositic crusts were formed in the inner solar system but rarely preserved. Material from these planetesimal silicate layers could have been subsequently added to the accreting terrestrial planets, providing a non-chondritic source for refractory lithophile elements.
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